Resonance electron attachment to plant hormones and its likely connection with biochemical processes J. Chem. Phys. 140, 034313 (2014) Electron attachment to uracil was investigated by applying time-resolved photoelectron imaging to iodide-uracil (I -U) complexes. In these studies, an ultraviolet pump pulse initiated charge transfer from the iodide to the uracil, and the resulting dynamics of the uracil temporary negative ion were probed. Five different excitation energies were used, 4.00 eV, 4.07 eV, 4.14 eV, 4.21 eV, and 4.66 eV. At the four lowest excitation energies, which lie near the vertical detachment energy of the I -U complex (4.11 eV), signatures of both the dipole bound (DB) as well as the valence bound (VB) anion of uracil were observed. In contrast, only the VB anion was observed at 4.66 eV, in agreement with previous experiments in this higher energy range. The early-time dynamics of both states were highly excitation energy dependent. The rise time of the DB anion signal was
I. INTRODUCTION
In recent years, numerous experiments have implicated low energy electrons in both single-and double-strand breaks of DNA. 1, 2 Theory predicts that this damage occurs via cleavage of the sugar phosphate backbone following electron transfer from the nucleobase, the original electron acceptor. [3] [4] [5] Thymine and its RNA analog, uracil, have been investigated both experimentally and theoretically to understand how lowenergy electrons interact with nucleobases. [6] [7] [8] [9] [10] [11] While dissociative electron attachment (DEA) experiments show that electrons as low as 0.6-1.0 eV can cause fragmentation of the nitrogen-hydrogen bonds in uracil, [12] [13] [14] the precise mechanism by which the low energy electrons interact with these nucleobases is not fully understood. In this work, we explore early-time electron attachment dynamics to the RNA base uracil via time-resolved photoelectron (PE) imaging of the iodide-uracil (I -U) complex at a variety of excitation energies both near and well above the vertical detachment energy (VDE) of I -U, expanding on earlier studies 15, 16 performed only at excitation energies well above the VDE.
Uracil in the gas phase binds an excess electron in a dipole bound (DB) ground state, with a conventional valence bound (VB) state of the anion calculated to be slightly higher in energy. 17, 18 In the DB state, the excess electron is bound in a diffuse orbital by the field of the molecular dipole moment, largely outside the molecular core; 19 such states can be supported by molecules with dipole moments greater than a) Author to whom correspondence should be addressed. Electronic mail:
dneumark@berkeley.edu 2 Debye. 20 The VB state of uracil binds the excess electron in a conventional π * molecular orbital. 21 In DEA experiments, coupling between the DB and VB states of the uracil anion has been invoked to interpret the low energy (0.6-1 eV) DEA resonances, with the DB anion assumed to act as a "doorway" state. 13 Calculations predict that a DB to VB anion transition occurs via a puckering of the uracil ring and out of plane motion of the C6 hydrogen (atomic numbering shown in Figure 1 ), 22, 23 with an energy barrier ranging from 36 to 178 meV, depending on the calculation method. 22, 24, 25 DB and VB states of anions can be distinguished in PE spectroscopy by differences in peak width and electron binding energy. 26, 27 DB electrons minimally perturb the neutral molecular geometry and DB anions are characterized in their PE spectrum by a very narrow peak and a vertical detachment energy (VDE), defined as the difference in energy between the neutral and the anion at the geometry of the anion, that is generally less than 0.1 eV. 5 Since the geometries of the DB anion and neutral are very similar, the VDE of the DB state is approximately the same as the adiabatic electron affinity (AEA) of the neutral, where the AEA is defined as the energy difference between the electronic and vibrational ground states of the anion and neutral.
In contrast, VB anions often have a different geometry than the neutral, resulting in a much wider peak in their PE spectrum. The PE spectrum of bare uracil anions in the gas phase show evidence only for the DB anion, with a VDE of 93 ± 3 meV. 18 PE spectra for uracil complexed with a sufficiently polarizable species (i.e., xenon) have peaks due to both the DB and VB anions. 26 Only the VB anion is present when uracil is complexed with a single H 2 16 The blue arrow indicates the direction of the calculated dipole moment of the neutral uracil molecule.
continued water solvation shifts the VB anion to higher binding energies. 28 A photoelectron spectrum of the bare uracil VB anion has not been measured but theory predicts a VDE of 600 meV 29 and an AEA between −50 meV and 40 meV. 5, [29] [30] [31] [32] [33] Experimental extrapolation from PE spectra of U -(H 2 O) n clusters yields an estimate of 150 ± 120 meV for the adiabatic electron binding energy of the VB anion. 28 Iodide-uracil (and iodide-thymine) complexes have been previously studied in our laboratory using one-photon and time-resolved PE spectroscopy. 15, 16 Single photon PE spectra of I -U identified the ground state complex as a negative iodide atom complexed to a neutral uracil molecule with a VDE of 4.11 eV; 16 the calculated ground state geometry of I -U from that work is shown in Figure 1 . Absorption spectra of the I -U complex and U -photofragment action spectra have not been recorded.
In the time-resolved PE spectroscopy experiments, 34 a UV excitation pulse (hν 1 ) induced electron transfer from the iodide to the uracil molecule, and the resulting transient negative ion was photodetached by a near IR pulse (hν 2 ) after a known time delay, according to Eq. (1),
(1) UV excitation energies from 4.69 to 4.90 eV were used, significantly above the VDE of I -U, and those experiments were considered analogous to electron scattering experiments. The excitation energies 4.69-4.90 eV corresponded to collision energies, E c = hν − VDE(I -U), of 580-790 meV. Coupling between DB anions and σ * anions of uracil has been invoked to explain resonances in DEA spectra at >0.6 eV electron kinetic energy, 13 within the range of the collision energies studied in the time-resolved PE experiments. However, only the VB anion of uracil was observed as a transient species, with no evidence of a DB anion of uracil. The VB anion appeared on a cross-correlation limited time scale (<150 fs) and decayed bi-exponentially with time constants of 400-700 fs and 12-52 ps, depending on excitation energy. These time constants were attributed to autodetachment of the temporary negative ion I · · · U -, both before and after loss of the iodine atom.
To gain further insight into the role of DB and VB states in these experiments, we carried out time-resolved PE studies on two model systems, iodide-acetonitrile and iodidenitromethane. 35 The acetonitrile anion is a DB state, with no low-lying VB state. 36, 37 Nitromethane, however, supports both low-lying DB and VB anions with a VB anionic ground state. 27 UV-initiated charge transfer from the iodide to the acetonitrile or nitromethane molecule was investigated using excitation energies near the VDE of the binary complex. Experiments on I -CH 3 CN complexes showed evidence only for the DB anion of acetonitrile, while experiments on I -CH 3 NO 2 clusters showed initial formation of the DB CH 3 NO 2 anion decaying to the VB anion on a timescale of 400-600 fs. 35 The work on I -CH 3 CN and I -CH 3 NO 2 suggested that the early-time electron attachment dynamics in I -U might be substantially different at excitation energies closer to the VDE of the complex. In this paper, we carry out such experiments, using excitation energies ranging from 4.00 to 4.21 eV, below and above the VDE of I -U, as well as at 4.66 eV, in the range of our previous experiments. We find that the early-time attachment dynamics are highly sensitive to excitation energy and observe formation of both the DB and VB anions of uracil at all excitation energies near the VDE. Below the VDE, both DB and VB anions appear with 200-300 fs rise times. Above the VDE, the DB anion appears with a less prominent ∼120 fs rise time and within the cross-correlation for 4.14 and 4.21 eV, respectively, while the VB anion has the same 200-300 fs rise time from 4.00 to 4.21 eV. In contrast, at 4.66 eV, no DB state is seen, and the VB state appears within our cross-correlation. Evidence suggests that the DB state acts as a doorway to the VB state near the VDE, but that electrons attach directly to the VB state at 4.66 eV, a result with possible implications for interpreting the DEA experiments.
II. EXPERIMENTAL
The time-resolved PE spectrometer used in these experiments has been described in detail in Ref. 38 and 39. I -U clusters were formed by flowing 50 psig neon over a reservoir containing iodomethane through an Even-Lavie pulsed solenoid valve containing uracil heated to 205
• C. The resulting gas mixture was expanded into vacuum through a ringfilament ionizer attached to the valve body. The femtosecond laser system is a KM Labs Griffin oscillator and a Dragon amplifier that outputs pulses centered at 790 nm with a 1 kHz repetition rate. The excitation pulses used in these experiments were generated by frequency-doubling the output of a Light Conversion TOPAS-C optical parametric amplifier (OPA), resulting in laser pulses that were tuned from 4.00 eV to 4.66 eV with approximately 5-10 μJ/pulse at the interaction region, depending on the efficiency of the OPA. The laser fundamental served as the probe pulse in these experiments with approximately 80 μJ/pulse. The cross-correlation of the pump and probe pulses was less than 150 fs. The photoelectrons resulting from the pump-probe experiment were energyanalyzed by velocity map imaging (VMI) onto a position sensitive detector. 40 These VMI images were then processed using the BASEX reconstruction method.
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III. RESULTS AND ANALYSIS
Experiments were conducted at five excitation energies: 4.00 eV, 4.07 eV, 4.14 eV, 4.21 eV, and 4.66 eV. For the The spectra comprise three distinct features labeled I-III. Features I and II are transient features due to probe detachment from the photo-excited complex, while feature III is primarily due to direct detachment of the ground state iodideuracil cluster induced by the excitation pulse. 15, 16, 35 Feature III is very high in intensity compared to features I and II, and in Figure 2 (d) it is largely off scale and colored grey. Upon negative-time background subtraction, feature III is only seen as residual noise in Figure 2 (e). It should be noted that at 30 meV and 100 meV, there is some electron signal near t = 0 between −0.2 eV and 0 eV eBE, in the vicinity of feature I. This electron signal is attributed to two-color twophoton detachment of the iodide-uracil complex, observed previously with I -nitromethane and I -acetonitrile, 35 and is not included in the analysis of feature I.
Feature I is a narrow feature appearing at low eBE, between 0 and 0.2 eV, and observed at excitation energies −110 meV to 100 meV. The peak of feature I evolves slightly with pump-probe delay time, approaching 95 ± 5 meV at long times. Feature II is a broad, low intensity feature spanning the energy range from 0.3 to 0.7-0.8 eV and is observed at all excitation energies studied. Based on previous experiments, features I and II can be identified as photo-detachment from the dipole bound (DB) and valence bound (VB) anions of uracil, respectively. 16, 35 Table I reports the intensity ratio of feature I to feature II, which was measured at a set time delay where both features are close to their maxima, approximately 400-500 fs. This ratio decreases with increasing excitation energy. The 550 meV data are in agreement with previously published results where the iodide-uracil clusters were formed by expansion in argon instead of neon. 16 In order to quantify the peak shifting of feature I, the photoelectron spectrum of the feature can be fit with a Gaussian function at all pump-probe delays with non-zero intensity. The peak in the eBE is the VDE of the feature and Figure 3 shows the evolution of the VDE of feature I versus pump-probe delay at −40 meV. The peak shifting shown is representative of that observed at all other excitation energies where feature I is present. At zero pump-probe delay, the VDE of feature I is approximately 75 meV and rises to approximately 115 meV by 700 fs before decaying back to a longtime value of 95 ± 5 meV. This asymptotic value lies within error bars of the previously measured value of the VDE TABLE I. Lifetimes and decay coefficient ratios for features I and II, where τ 1 is the rise time (if applicable) and τ 2 and τ 3 are decay times. The energies in parentheses refer to the energy definition given in the beginning of Section III, where the excitation energies are defined relative to the VDE(I -U) = 4.11 eV. of the bare uracil DB anion. 18 Feature II does not display any notable peak shifting and is too diffuse to be fit to an analytical function.
Features I and II both undergo intensity changes with varying pump-probe delay. Since the intensity of feature I changes in both time and energy space, the feature is integrated by a set amount around the peak at each pump-probe delay to minimize the effect of energy shifting on the intensity changes. Feature II is integrated over a fixed eBE range for every pump-probe delay. The intensities of both features for all short delays are shown in Figure 4 . At −40 meV, feature I has a measurably slower rise time than the cross-correlation (Figure 4(a) ), while at 100 meV, feature I rises on a crosscorrelation limited time before decaying (Figure 4(c) ). Between these two excitation energies, at 30 meV, feature I has a distinct rise time although faster and less prominent than at −40 meV. At longer times, as shown in Figure 5 , feature I decays bi-exponentially, with considerably faster decay at 110 meV than at −40 meV.
Feature II exhibits two different early-time dynamic regimes. At lower excitation energies −110 meV to 100 meV, feature II exhibits a clear non-zero rise time, and it rises more slowly than feature I in all three panels (Figures 4(a)-4(c) ). However, at 550 meV the VB anion rises on a crosscorrelation limited time scale before decaying (Figure 4(d) ). For all excitation energies studied, feature II eventually decays bi-exponentially (Figures 5(a)-5(c) ). The normalized intensity evolution of both features can be fit to a sum of exponential functions convoluted with an experimental response function, Eq. (2),
Feature I is fit well with three coefficients and time-constants at −110 meV, −40 meV, and 30 meV comprising a monoexponential rise and bi-exponential decay. At 100 meV, feature I is fit well with only two coefficients and time-constants, capturing the cross-correlation limited rise and bi-exponential decay of the feature. Feature II is fit well with three coefficients and time-constants at −110 meV to 100 meV, a mono-exponential rise and bi-exponential decay. However at 550 meV, feature II is fit well with two coefficients and timeconstants, capturing the cross-correlation limited rise and biexponential decay at that excitation energy. Where applicable, A 1 and τ 1 capture any mono-exponential rise and A 2 , A 3 , τ 2 , and τ 3 capture the bi-exponential decay. Data collected at the same excitation energy were fit concatenately. Table I shows all lifetimes τ i and the ratio of the rising component to the decay components, A 1 /(A 2 + A 3 ), at the five different excitation energies. Note that when A 1 = 0, the rise time is cross-correlation limited. Features I and II exhibit long time bi-exponential decay regardless of early-time behavior. As seen in previous papers from our group, 15, 16, 42 this kind of bi-exponential decay can be explained with a kinetic model like Scheme 1.
The bi-exponential decay lifetimes in Table I can be related to the time constants of the kinetic model by (3),
According to Knee et al., 43 by using the fraction of the fast decay to the total decay signal, F A 2 = A 2 /(A 2 + A 3 ), rate con- stants can be extracted from the bi-exponential lifetimes according to (4).
Fractions and rate constants are summarized in Table II . The nature of States I-III is considered in more detail in Sec. IV D.
IV. DISCUSSION
The dynamics of iodide-uracil clusters following UV initiated charge transfer are highly sensitive to excitation energy. As the excitation energy is increased, the following trends are observed: (i) shifting of the DB anion VDE is the same at all excitation energies, (ii) starting at −40 meV, the DB anion rise time τ 1 and the ratio |A 1 |/(A 2 + A 3 ) decrease, and by 100 meV the DB anion appears within the cross-correlation without any observed rise time, (iii) the VB anion rise time is approximately the same from −110 meV to 100 meV but is cross-correlation limited at 550 meV, (iv) the ratio of the DB anion to the VB anion decreases with the DB anion disappearing completely by 550 meV, and (v) the bi-exponential decay lifetimes decrease for both the DB and VB anion. In this section, we consider the underlying electron attachment and detachment dynamics responsible for these trends.
A. Early-time dynamics of the uracil dipole bound anion
At early times, the VDE of the DB anion shifts with pump-probe delay, as shown in Figure 3 . Shifts of this magnitude have been seen in the early-time dynamics of other iodide-solvent complexes. 35, [44] [45] [46] Comparison to theory suggests that these shifts result from two effects: the excited state interaction of the neutral iodine atom with the diffuse electron associated with the nascent negative ion formed by photoexcitation, 47 and, in the case of multiple solvating species, solvent motion driven by the injection of the excess electron into the solvent network. [48] [49] [50] [51] [52] For a binary complex such as I -U, only the first mechanism is operative. Therefore, neutral iodine motion relative to the DB orbital of the uracil anion is likely responsible for the dynamics in Figure 3 . Initially, the VDE of the DB anion is ∼75 meV, lower than our measured asymptotic value of 95 ± 5 meV, suggesting a repulsive interaction between the iodine atom and the DB anion. The VDE steadily increases (as shown in Fig 3(a) ), reaching a maximum value of 115 meV by ∼700 fs, where there may be a favorable interaction between the iodine atom and the DB anion, before the VDE finally decreases to 95 ± 5 meV by approximately 20 ps (Figure 3(b) ). By that time the iodine is either interacting less strongly with the DB orbital or has left the binary cluster.
These qualitative ideas are supported by recent theoretical work on I -U by Takayanagi and co-workers 25 and Takayanagi, 54 who performed CIS(D) calculations analyzing iodine movement relative to N1 after UV charge transfer to the uracil DB orbital from iodide. The potential energy curves show weak repulsion at small iodine-N1 distances and flatten at higher iodine-N1 distances, supporting the assignment of the initial VDE increase as a response to a repulsive interaction between the iodine and uracil DB anion.
At excitation energies of −110 meV and −40 meV, a clear rise time of ∼250 fs is seen for the DB state (Table I and Figure 4(a) ), suggesting that a fully formed DB state is not created instantaneously by the pump pulse. Indeed, this rise time occurs on a time scale similar to that of the VDE shifting in Figure 3 , during which the wavefunction of the excess electron is evolving as the iodine and nucleobase separate subsequent to photoexcitation. 25, 47 Therefore, the intensity rise is likely a result of cross-section changes associated with this evolution. However, while the time-dependence of the VDE shifting is largely independent of excitation energy, the rise time τ 1 drops from 260 fs at -40 meV to 120 fs at 30 meV, and the ratio |A 1 |/(A 2 + A 3 ) drops from 0.46 to 0.28. This ratio represents the prominence of the signal with rise time τ 1 relative to the cross-correlated rise associated with the A 2 and A 3 terms. By 100 meV, the DB anion rises within the cross-correlation limit with no additional rising behavior (A 1 = 0). The dynamics responsible for this trend are discussed in Sec. IV C.
B. Early-time dynamics of the uracil valence bound anion
The 200-300 fs rise time of the VB anion at −110 meV to 100 meV compared to its cross-correlation limited rise at 550 meV implies that not only the dynamics but also the mechanism of electron attachment to uracil is highly dependent upon excitation energy. Our previous studies of I -U used excitation energies between 580 meV and 790 meV and the VB anion appeared with a cross-correlation limited rise time. 16 Experiments at intermediate excitation energies were attempted, but significant formation of neither the DB nor the VB anion was observed. It thus appears that there are two different mechanisms for VB anion formation, one at excitation energies near the VDE and another 550-790 meV above 6 . Schematic potential energy curves for neutral uracil (black), the DB anion (blue), and the VB anion (red) plotted vs. uracil puckering angle. Tick mark on x-axis indicates planarity of the uracil ring. AEAs for the two anion states are shown, 18, 29 along with the calculated vertical electron attachment energy (VAE), 572 meV, for the VB anion. 53 The vertical purple arrow represents a photon with excitation energy between 550 meV and 790 meV, where the VB anion is directly formed by mode A, while the vertical green arrow represents a photon with excitation energy between −110 meV and 100 meV and a possible mode B.
the VDE, while in between these regimes there is no efficient pathway for VB anion formation. These trends can be understood with reference to the energetic landscape of the uracil DB and VB anions. This landscape, based on the calculations by Bachorz et al., 21 and experimental measurement of the uracil DB anion, 18 is depicted in Figure 6 , which shows schematic potential energy curves for neutral uracil (black) as well as the anion DB and VB states (blue and red, respectively) as a function of the uracil puckering angle.
Absorption of a photon by the I -U complex is a vertical process. Barring any scattering resonances or bound states in either iodide or neutral uracil, the electron transfer process from iodide to uracil should also be approximately vertical, in the sense that the scattered electron will initially interact with the uracil in its original geometry, as shown in Figure 1 , in which the neutral uracil is minimally perturbed by the iodide. 16 Therefore the uracil anion geometry directly after electron transfer is likely a planar structure very similar to the neutral geometry. The calculated vertical attachment energy (VAE) of the valence state in this planar geometry is 572 meV above the neutral. 53 As shown in Figure 6 , at excitation energies in this range, indicated by the purple arrow, there is sufficient energy to form the VB anion directly in a planar geometry, and the VB anion is formed on a cross-correlation limited time via pathway A.
At excitation energies from −110 meV to 100 meV, shown by the green arrow in Figure 6 , there is insufficient energy to form the VB anion directly. Table I shows that the rise time (τ 1 ) of the VB state is measurable across this interval, with the VB anion population increasing relative to the DB anion population as excitation energy increases, as indicated by the I/II ratio in Table I . The VB anion must be formed by an indirect pathway between −110 meV and 100 meV, and we propose in Sec. IV C that this pathway involves the DB anion, depicted as pathway B in Figure 6 .
C. Dipole bound to valence bound anion transition
The geometry of uracil DB anion is very close to that of neutral uracil, and therefore the VAE to the DB state should be approximately the negative of the VDE of the uracil DB anion, i.e. −93 meV, 18 as shown in Figure 6 , making formation of the DB anion efficient at excitation energies near the VDE. At excitation energies from −110 to 100 meV we observe the DB state prominently at short delay times (<500 fs). The rise time of the VB state is either equal to or slower than that of the DB state. These results suggest that near the VDE, direct detachment to the DB anion occurs, and raise the question of whether the DB anion acts as a doorway to the VB anion. Evidence for such a mechanism is not as clear as it was for I -CH 3 NO 2 complexes, where we observed a decay of the nitromethane DB anion matching the rise time of the VB anion. 35 Complementary decay and rise times are not seen for I -U, suggesting that if such a doorway mechanism occurs, there is incomplete conversion from the DB to the VB state.
The barrier between the DB and VB states has never been measured experimentally and calculated values vary with different levels of theory, between 36 and 178 meV. 22, 23, 25 Calculations using long range corrected DFT yield the lowest value, 36 meV and are expected to be the most accurate given the diffuse nature of the DB orbital. 25 Given the bandwidth of the excitation pulse in our experiment, 40 meV, combined with incomplete vibrational cooling of the I -U anion, a DB to VB transition should be energetically feasible to varying extents from −110 meV to 100 meV. Indeed, the observed trend in the feature I/II ratio (Table I) is consistent with the notion that the DB to VB anion transition is facilitated as the excitation energy increases.
Recent calculations by the Takayanagi group 22, 23 have investigated the nature of the charge transfer state from iodide to uracil. They find that the initial state is either a DB anion or a hybrid DB/σ * anion, and that the transition to the π * VB anion can easily occur with puckering of the uracil ring and out of plane movement of the C6 hydrogen by approximately 25
• . The presence of iodine may also be relevant to the transition. Iodine, like xenon, is highly polarizable and may slightly alter the relative energies of the DB and VB anions, making a transition more energetically accessible before it leaves the binary cluster.
A DB to VB anion transition could also provide an explanation for why the rising behavior of the DB anion with time constant τ 1 becomes less prominent relative to the crosscorrelated rise with increasing excitation energy. There are numerous processes in the I -U complex that occur on similar timescales of 200-300 fs: the VDE shifting of the DB anion, the rise time of the DB anion at −110 meV and −40 meV, and the rise time of the VB anion. If the DB anion is indeed the doorway to the VB anion, the timescale of the DB anion decay to the VB anion is also 200-300 fs. At higher excitation energies, where there is comparatively more decay to the VB anion (Table I) , the combination of the DB anion population decay to the VB anion and the DB anion intensity rise due to cross-section changes from iodine dynamics can effectively cancel each other out. This changes both the rise time of the DB anion signal as well as the intensity of that rise at those excitation energies, as observed at 30 meV and 100 meV. The addition of a new decay component to Eq. (2) with a similar lifetime to τ 1 , representing the decay of the DB anion to the VB anion, effectively reduces the ratio |A 1 |/(A 2 + A 3 ) relative to lower excitation energies where the DB to VB anion decay is less important.
A dipole-bound to VB transition also offers a reasonable explanation for the rise time of the VB anion at excitation energies near the VDE. In contrast to nitromethane, where the VB anion state lies lower in energy than the DB anion, the VB anion for uracil is higher in energy than the DB anion, presumably explaining the incomplete conversion of the DB to the VB state. The decrease in the ratio of features I/II with increasing excitation energy is consistent with overcoming a barrier and energy gap for this transition. Overall, however, the evidence for the DB to VB anion transition in uracil is indirect rather than definitive.
D. Bi-exponential decay of the dipole bound and valence bound anions
We turn now to the longer-time decay dynamics of the DB and VB anions. Upon formation, both the DB and VB anions decay bi-exponentially. Bi-exponential decay is suggestive of parallel decay processes according to Scheme 1 (Sec. III), where the final state III is an autodetachment state of the uracil transient negative ions. Our previous papers on I -U and I -T defined state I as I . . . U -and state II as I + U -, where k 1 and k 3 are differing rates of autodetachment prior and subsequent to iodine loss, and k 2 is the rate of iodine loss. 15, 16 An analysis of the fractions in each decay pathway as well as the relative decay constants allows for the direct calculation of those rates, as detailed in Sec. III. The resulting calculated rate constants are listed in Table II . At all excitation energies, we find that k 1 > k 2 > k 3 for both the DB and VB anions. This ordering is consistent with autodetachment before and after iodine loss, because we expect that iodine loss reduces the internal energy of the remaining uracil anion, resulting in slower autodetachment. However, raising the excitation energy from 4.21 to 4.66 eV results in an increase in k 1 by nearly a factor of 20 for the VB state, and brings into question whether iodine loss is the only process that affects the autodetachment rate.
It is therefore of interest to consider other mechanisms for the bi-exponential decay. For example, if the uracil anion is initially formed with a non-statistical vibrational energy distribution, then k 1 can represent the autodetachment rate from this distribution, k 2 the rate of internal vibrational energy redistribution (IVR), and k 3 the autodetachment rate from a statistical vibrational energy distribution. This mechanism is similar to that proposed by Knee et al. 43 in the paper where Eq. (4) was derived, with the underlying assumption that the vibrational mode (or modes) in the initial distribution is strongly coupled to autodetachment.
This latter mechanism may well be operative in the VB anion at excitation energies 550 meV to 790 meV. When the VB anion is formed directly at those excitation energies, the initial VB anion geometry is planar and significantly perturbed from the equilibrium geometry of the VB anion. 29 Therefore the VB anion will be initially vibrationally excited specifically along the modes that transition between the planar and puckered geometries. State I would be a vibrationally excited state with energy concentrated in the puckering modes and state II a state with vibrational energy fully distributed throughout all vibrational modes. Given that the potential energy curves for the VB and neutral state cross at an intermediate non-planar geometry (see Figure 6) , it is reasonable to expect that the initially prepared vibrational distribution will be more strongly coupled to autodetachment compared to a statistical distribution with the same total energy, leading to k 1 k 3 , as is observed here at 4.66 eV. At lower excitation energies, where the VB state is not accessed directly, it is more difficult to envision a similar scenario and the iodine atom loss mechanism is more likely to dominate.
V. CONCLUSION
The dynamics of electron attachment to uracil are highly sensitive to excitation energy. At excitation energies −110 meV to 100 meV, both the DB and the VB anion of uracil are formed, while at 550 meV only the VB anion is observed. At −110 meV and −40 meV, the DB anion photoelectron signal has a 240-260 fs rise time, attributed to evolution of the wavefunction of the dipole-bound electron as the iodine moves relative to the DB anion. This rise time becomes less prominent, disappearing by 100 meV, where the DB anion rises on a cross-correlation limited time as decay of the DB anion to the VB anion possibly cancels the iodine-motionrelated rising intensity.
The VB anion has a 200-300 fs rise time for excitation energies −110 meV to 100 meV, which is likely due to a DB to VB anion transition. At higher excitation energies, where there is sufficient photon energy to directly access the VB anion from the iodide-uracil anion initial state, the VB anion appears within the cross-correlation. Both states at all excitation energies subsequently undergo bi-exponential decay due to iodine loss or IVR, with IVR the more likely mechanism for the VB anion at 550 meV, where the VB anion can be formed directly.
These early-time electron attachment dynamics provide information about the necessary energies to directly form valence anions of uracil without the aid of dipole bound anion doorway states and draw into question whether the DB anion assists in electron capture at electron energies between 0.6 and 1 eV, as has been invoked in studies of dissociative electron attachment in uracil. 13 We also identify a possible timescale for the DB to VB anion transition in uracil, which will be of interest in future studies of the mechanisms of DNA and RNA damage by low-energy electrons.
